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Abstract 
A possible mechanism for the synchronization of action potential propagation along a bundle of 
neurons (ephaptic coupling) is considered. It is shown that this mechanism is similar to the 
salutatory conduction of the action potential between the nodes of Ranvier in myelinated axons. 
The proposed model allows us to estimate the scale of the correlation, i.e., the distance between 
neurons in the nervous tissue, wherein their synchronization becomes possible. The possibility for 
experimental verification of the proposed model of synchronization is discussed. 
 
I. Introduction 
In a recent paper [1] the appearance of synchronization spikes in four neurons located within 100 
μm (the distance between initial segments did not exceed 10-15 microns) was observed. In this 
work it was suggested that a mechanism responsible for the observed synchronization of neurons 
may be the change of the electric potential near neural somas (initial segment) caused by spikes in 
one of the neurons. Generally speaking, this kind of interaction between neurons has been known 
for a long time and is called ephaptic coupling. The study of the ephaptic coupling effect caused by 
the currents in the pericellular space, induced by the currents through the excited membrane of 
axons, began with the works [2,3] (a contemporary detailed overview of the ephaptic coupling 
problem, can be found in [4]). Among the large series of works devoted to the synchronization of 
action potentials in the nearby neurons ref. [5,6], should be noted, in which the problem of 
interaction between the two non-myelined axons were considered on the basis of the Hodgkin-
Huxley model. In these papers interactions of axons were described by the introduction of cross-
terms, which were determined by the product of the current in a parallel axon and the corresponding 
coupling coefficient. However, based on the results of [5,6] and other similar works, it is difficult to 
estimate the characteristic scale of the correlation between two neurons, since the description of the 
relationship between axons in these studies is essentially phenomenological.  
It is well known (see, eg [7]), that to excite an action potential in the nerve fiber it is necessary to 
apply a threshold voltage of 10-20 mV for a duration ~ 0.1 ms to the membrane of the non-
myelined area of axon. The threshold conditions for the excitation of the action potential depends 
on many factors: temperature, local surface density of transmembrane sodium channel, etc [7-9]. 
From [10,11], in which the magnetic field generated by currents of the action potential were 
studied, it follows that propagating action potential causes a change in the potential on the outer 
surface of the membrane of just a few microvolts. We emphasize that it is not a potential difference 
between the outer and inner surfaces of the membrane but, namely, the potential on the outer 
surface of the membrane. It would not seem that such a small change in the surface potential of the 
membrane of the axon would excite an action potential in neighboring neurons. For this reason, the 
interaction of neurons was considered impossible for most mammalian nerve tissues [12-14]. 
In this paper the synchronization mechanism between nearby neurons (ephaptic coupling) is 
considered (Figure 1): based on the fact that the propagating action potential along an axon is 
always accompanied by currents in the physiological saline in the vicinity of the membrane. These 
currents may cause charging of the axons membranes of neighboring neurons, leading to the 
appearance of potential difference across the membrane, which is greater than the threshold of the 
action potential initiation. The estimations of the scale of the correlations between the parallel 
initial segments of the myelin neurons, obtained in this paper, are in agreement with the 
experimental data [1]. It is shown that the ephaptic coupling mechanism, to some extent, is similar 
to saltatory conduction of the action potential between the nodes of Ranvier in myelinated axons 
[4,15-18]. Such an approach allows obtaining estimates of the synchronization area (scale of 
correlation) of action potentials both for the case of myelin fibers as well as non-myelin.  
 
The second part of this paper considers the longitudinal transfer of the potential in the myelin fiber. 
Estimations of the maximum longitudinal size of myelinated sections of the axon are obtained, 
when the propagation of the action potential is possible. In Part 3 a synchronization mechanism of 
neighboring neurons is considered. In part 4, the correlation region for the initiation of the action 
potentials in initial segments of myelinated axons is computed, using the formulas derived in part 3. 
In Part 5 the action potential excitation in the myelined axon by the action potential propagating 
along the neighboring myelined axon (Figure 1) is calculated. In Part 6, the conditions for the 
synchronization of action potentials of squid axons are obtained, which can be used to test the 
proposed mechanism for the synchronization of neurons. 
 
II. Saltatory conduction of the action potential in the myelin fiber. 
Neurons in many vertebrates are surrounded by an electrically insulating myelin sheath, which 
provides a saltatory conduction of the action potential, serving to speed up the transmission of nerve 
impulses.[15-18] The myelin sheaths produced by different cells are separated by gaps, known as 
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Fig. 3. The time dependence of the action potential at the nodes of Ranvier of a toad axon. 
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Fig. 4. The spatial profiles of the action potential. The nodes of Ranvier located (shown by circles), 
at z/LM =1,2,3… at the different instants of time. 
Equation (1), with the conditions (2), represents the first boundary value problem of the diffusion 
equation with the general solution [21,22] 
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III. The dynamics of potential and currents in the vicinity of a neuron in the case of the 
propagating action potentials 
Saline, the fluid where the neurons are located in living organisms is a highly conductive 
electrolyte, with 11mΩ  31~ −−−σ  [23]. Therefore, the relaxation time of the volume charge in it 
(the Maxwell time) is of order s10~/ 90
−= σεετ M  [24], where 0ε  is the dielectric constant of the 
vacuum, and 80≈ε is the relative dielectric permittivity of water, i.e. by 5 - 6 orders of magnitude 
shorter than the characteristic time of the excitation and relaxation of the action potential in the 
axons. The size of the non-quasi-neutral region near the membrane of axons is determined by the 
Debye length ⎟⎟⎠
⎞
⎜⎜⎝
⎛= ∑
=
J
j
jjBD qnTk
1
2
0 /εελ . Here Bk  it the Boltzmann constant, T  is the temperature, 
jn  are the densities of the ions with the charges jq . In the case of saline, we can assume that all the 
ions in the liquid are singly charged and their total density is of the order 26102⋅≈jn   m-3 [25]. For 
300≈T K, nm 5.0≈Dλ  and this value is much smaller than the typical radius of the axon 
μm 103~0 −R . Therefore, the violation of quasi-neutrality cannot be taken into account and the 
potential distribution in the vicinity of a neuron can be found from the equation of continuity of 
current 
0=⋅∇ Jr , EJ rr σ= .          (4) 
Since the conductivity σ of the electrolyte is constant and ϕ−∇=Er , the problem of determining the 
potential is reduced to the Laplace equation: 
0=Δϕ ,           (5) 
with Neumann boundary conditions on the surface of the membrane: 
σ
ϕ m
Rr
J
r
=∂
∂
= 0
,             (6) 
where mJ  is the total radial current through the excited membrane of the axon, and the Dirichlet 
condition, far away from the membrane surface:  
0=∞→rϕ .           (7) 
The potential distribution in saline outside the excited neuron we will seek as in [10,11], in which 
the magnetic field accompanying the action potential was calculated. However, in our case, in 
contrast to [10,11], it was assumed be given the currents through the non-myelined parts of the axon 
(nodes of Ranvier and the initial segment): the current mJ  is equal to the sum of the ion, ionJ , and 
the capacitive, tUCJ mcapas ∂∂⋅= /  currents, where [ ]26 F/cm102 −⋅≈mC  is the capacity of the 
membrane per unit area; RAP VVU −=  is the voltage between the inner and outer surfaces of the 
membrane during the passage of the action potential. But at the myelined sections: capasm JJ = , 
because the ion current can be neglected there, as compared with the capacitive current. Assuming, 
as in [10,11], that the membrane of the axon is a thin-layer cylindrical capacitor, it follows from (5) 
that outside the axon ( 0Rr ≥ ) the potential is:  
( ) ( ) ( )( )∫
+∞
∞−
⋅−
⋅
⋅⋅= dke
RkK
rkK
ttzr zikke
00
0
,2
1,, ϕπϕ        (8) 
Here ( )∫∞
∞−
⋅= dzetz ikzeke ,, ϕϕ  is the Fourier transform of the potential on the outer surface of the 
membrane, ( )rkK ⋅0 , are modified Bessel functions of the second kind, of zero and first order, 
respectively. Since the currents and potential outside the membrane are related by (6), then, 
respectively:  
( ) ( )( ) ( )  21,, ,01
1∫+∞
∞−
⋅−⋅⋅
⋅= dketJ
RkK
rkK
tzrJ zikkmr π        (9) 
( ) ( )( ) ( )∫
+∞
∞−
⋅−⋅⋅
⋅= dketJ
RkK
rkK
k
kitzrJ zikkmz ,
01
0
2
,, π       (10) 
Here ( )tzrJr ,,  и ( )tzrJ z ,,  the radial and longitudinal components of the current Jr outside the the 
axon, ( ) ( )∫∞
∞−
= dzetzJtJ ikzmkm ,,  is the Fourier transform of the radial current through the membrane.  
 
IV. The condition for the spike initiation in the initial segment by a spike in neighboring 
neuron  
Without loss of generality, we assume that the radial current through the membrane of the initial 
segment of the length ISL  has a Gaussian distribution: ( ) ( ) ( )220 /4exp, ISm LztJztJ −= . 
Accordingly, the Fourier component of the transversal current 
( ) ( )16/exp2/ 220, ISISkm LktJLJ ⋅−⋅= π . In this case:  
( ) ( ) ( )( ) ( ) ( )∫
+∞
⋅⋅⋅−⋅
⋅=
0
22
01
10 cos16/exp
2
,, dkzkLk
RkK
rkKtJLtzrJ IS
IS
r π        (11) 
( ) ( ) ( )( ) ( ) ( )∫
+∞
⋅⋅⋅−⋅
⋅−=
0
22
01
10 sin16/exp
2
,, dkzkLk
RkK
rkKtJLtzrJ IS
IS
z π        (12) 
Since the initial segment and the nodes of Ranvier are the axon areas not covered by the myelin 
sheath, for the approximate description of the action potential therein we will use the Hodgkin-
Huxley equations for the non-myelined squid axon [26]. For definiteness, assume that the surface 
densities of ion channels in the initial segment and the nodes of Ranvier are the same as in [26]. 
Figure 6 shows the time dependence of the radial current through a membrane obtained on the basis 
the equations of Hodgkin and Huxley [26,19]. The current 0J  in equations (6) and (7) corresponds 
to the total current, which is equal to the sum of the capacitive and the ions currents. Figure 7 shows 
the radial distribution of the currents at 0=z , the radius of the membrane μm 5.40 =R . Figure 8 
shows the contour lines of the currents amplitudes ( ) ( )zrJzrJJ zre ,, 22 +=  for  30=ISL  and 
μm 70 .  
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Fig.6. The time dependencies of the radial currents in the membrane obtained on the basis of 
Hodgkin and Huxley equations. 
The potential difference on the inactive membrane (see Figure 1) without the draining of charge is 
determined by the charge on its surface. Knowing the dependence of the charging current on time 
and its distribution in space, it is easy to calculate the potential difference across the membrane of 
the inactive axon initial, depending on its position: 
( ) ( )∫∞ ⋅=Δ
0
1, dtnJ
c
rz
m
m
rrϕ .            (13) 
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Fig.9. Areas of neurons synchronization at  μm 70=ISL , the assumed initiation time  ms 1.0=tδ
and at assumed average initiation voltage  5=sU , 10 and 20 mV, correspondingly. 
 
V. The condition of the action potential initiation in the myelin fiber by the action potential in 
the neighboring neuron. 
As was noted above, the radial current through the myelin section of the axon membrane is 
capacitive tUCJ mm ∂∂⋅= /  (the contribution of the ion current can be neglected because the 
length of the node of Ranvier is almost two orders less than the length of the myelin section). Fig. 
10 shows the spatial distribution of the action potential RAP VtzVtzU −= ),(),(   along the myelin 
fiber [15,18] and the corresponding capacitive current tUCJ mm ∂∂⋅= /  through the membrane. 
The dashed curve shows the current approximation by а Gaussian distribution. Under the 
assumption of a Gaussian distribution of the membrane currents: ( ) ( )( )220 /exp, LtvzJztJm ⋅−−= , 
where 0J  is the maximal current through the membrane, v  is the velocity of the action potential 
along the fiber, we obtain expressions for the currents in saline outside the axon: 
( ) ( )( ) ( ) ( )( )∫
+∞
−⋅−⋅
⋅=
0
22
01
10 cos4/exp, dkvtzkLk
RkK
rkKLJzrJ r π      (14) 
( ) ( )( ) ( ) ( )( )∫
+∞
−⋅−⋅
⋅=
0
222
01
00 sin4/exp, dkvtzkLk
RkK
rkKLJzrJ z π     (15) 
For these parameters of the myelin fiber and assuming the same conditions as in [17,20], 
m/s 4.18=v , 2.2≈L mm. Figure 11 shows the radial distribution of the current normalized to the 
maximum current at the point 0=z , for the case of a Gaussian distribution along z-axis (curve 2 in 
Fig. 10b). Figure 11 shows examples of the longitudinal distribution of the charging current 
amplitude corresponding to the current 22 zre JJJ +=  at different distances from the surface of 
the membrane of the active axon. Figure 12 shows the dependence of the potential difference on 
time for the membrane of the inactive axon at different distances from the membrane of the active 
axon.  
It follows from the results shown in Fig. 9 and 12 that at  mV 5=sU  the radius of synchronization 
is m 55 μ=sR ; at   mV 10=sU ,  μm 24.3=sR , and, at  mV 20=sU ,  μm 9.7=sR . 
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0 5 10 15 20
0.0
0.2
0.4
0.6
0.8
1.0
J r
/J
m
ax
r-R0[μm]
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8 t=0.8μs t=-0.8μs
1
|J
|[m
A/
cm
2 ]
z[mm]
1
2
3
2
3
1
3
2
t=0
 
Fig. 11. (а) The radial dependence of the current at the point 0=z , μm 5.40 =R  for the case of a 
Gaussian distribution along z-axis (curve 2 in Fig.5b); (b) Examples of the longitudinal distribution 
of the charging current eJ  at the time moments μs 8.0−=t , 0 , and sμ 8.0 . Curve 1 corresponds to 
the current at a distance μm 7.90 =− Rr  from the surface of the membrane; 2 – μm3.240 =− Rr ; 3 
– μm550 =− Rr   
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Fig. 12. The dependence on time of the potential difference at the membrane of the inactive axon 
for different distances from the active axon membrane.  Curve 1 corresponds to the current at a 
distance μm 7.90 =− Rr  from the surface of the membrane; 2 – μm3.240 =− Rr ; 3 –
μm550 =− Rr   
 
VI. A possible experimental condition for initiation of the action potential in the squid axon 
by the action potential in the neighboring squid axon. 
Within the body of the giant squid, axons are located at a distance of a few tens of centimeters, so 
there cannot be a correlation of the action potentials between these axons. However, the axons of 
squid are а traditional and convenient object of experimental studies. We estimate the size of the 
correlation area for the action potentials in the squid axons, which is possible to observe in a 
laboratory experiment. Fig. 13 shows the z-distribution of the total current through the membrane of 
the squid axon and its approximation by a Gaussian distribution. For propagating action potentials, 
)( vtzJJ totaltotal += , where m/s15~v  is the velocity of propagation of the action potential in the 
axon of a squid. Since we are interested only in the stage of "charging" of the axon’s membrane, 
which is located in the field of currents initiated by the action potential propagation in adjacent 
axons, it is enough to restrict ourselves to the Gaussian approximation, shown in Figure 13. Figure 
14 shows the radial distribution of the current rJ  normalized to the maximum current at the point 
0=z for the case of a Gaussian distribution along z-axis (curve 2 in Figure 6b). Figure 14 also 
shows examples of the longitudinal distribution of the charging current. The dependence of the 
potential difference on the membrane of the inactive axon time at different distances from the active 
axon membrane is shown in Figure 15. In this case, the radius of synchronization  mm  96.1=sR  at 
 mV 5=sU ; 85.0=sR  mm at  mV 10=sU ; and 27.0 =sR  mm at  mV 20=sU . 
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Fig. 13. z-distribution of the total current through the membrane of the axon of squid (curve 1) and 
its approximation by a Gaussian distribution (curve 2) for propagating action potential, v=15 m/s. 
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Fig. 14. (а) The radial dependence of the current at the point 0=z , mm 24.00 =R  for the case of a 
Gaussian distribution along z (curve 2 in Figure 13) . (b) examples of the longitudinal distribution 
of the charging current eJ . Curve 1 corresponds to the current at a distance mm 27.00 =− Rr from 
the surface of the membrane, 2 –  mm 0.84 0 =− Rr , 3 – mm 1.96 0 =− Rr .  
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Fig. 15. The dependence on time of the potential difference at the membrane of the inactive axon 
for different distances from the active axon membrane. Curve 1 corresponds to the current at a 
distance  27.00 =− Rr mm from the surface of the membrane;  2  –   0.84 0 =− Rr mm,  3  – 
mm 1.96 0 =− Rr .  
 
Conclusions   
1. Simple analytical expressions were obtained for the action potential propagation along the 
myelined section of an axon and the maximal length of the myelined coating, which is 
necessary for the saltatory conduction, are obtained.  
2. A synchronization mechanism for action potentials in the nearby neurons is proposed. 
3. It is shown that in the vicinity of the initial segment of the excited neuron, there is a noticeable 
area in which currents originating in interstitial saline are sufficient for the charging of excitable 
membranes of initial segments or axons of neighboring neurons up to initiation of the action 
potential. This distance can be several times greater than the radius of the fiber, which 
corresponds to the experiments [1]. 
4. The conditions for the synchronization of the action potentials in squid axons are obtained. 
These results can be used for laboratory testing of the mechanism proposed in this paper.  
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